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,QWURGXFWLRQ
0LFURPDFKLQLQJ RI PHWDOV VHPLFRQGXFWRUV DQG LQVXODWRUV ZLWK XOWUDIDVW SXOVHG ODVHU UDGLDWLRQ KDV HQWHUHG
LQGXVWU\LQDGLYHUVLW\RIDSSOLFDWLRQVGXHWRWKHDFKLHYDEOHTXDOLW\&KLFKNRYHWDO%UHLWOLQJHWDO
'DXVLQJHU HW DO  DQG0HLMHU HW DO $W SUHVHQW WKH OLPLWLQJ IDFWRU IRU DZLGHU VSUHDGLQJ LV WKH ORZ
WKURXJKSXW HYHQ WKRXJK XOWUDIDVW ODVHU EHDP VRXUFHV ZLWK DQ DYHUDJH SRZHU RI XS WR 100 W DUH FRPPHUFLDOO\
DYDLODEOH ODVHU V\VWHPV FRPSULVLQJ RI VXFFHHGLQJ DPSOLILHU VWDJHV GHOLYHU PRUH WKDQ 1 kW DYHUDJH SRZHU
5XVVEXHOGWHWDODQG7RGD\¶VFKDOOHQJHLVWRWXUQWKDWKLJKDYHUDJHSRZHULQWRWKURXJKSXW6LQFHWKH
DEODWHGYROXPHSHUWLPHDQGDYHUDJHSRZHUWKHVRFDOOHGVSHFLILFUHPRYDOUDWHKDVDPD[LPXPIRUHDFKPDWHULDO
ZDYHOHQJWK DQG SXOVH GXUDWLRQ DV VKRZQ E\ 5DFLXNDLWLV HW DO  DQG 1HXHQVFKZDQGHU HW DO  RQH
SRVVLELOLW\ LV WR UHGXFH WKHSXOVHGXUDWLRQ WR LQFUHDVH WKHHIILFLHQF\%\DSSO\LQJSXOVHVZLWK DSXOVHGXUDWLRQRI
tH = 250 fs WKH VSHFLILF UHPRYDO UDWH FDQ EH LQFUHDVHG E\ DSSUR[ 75% IRU FRSSHU DQG E\ DSSUR[ 40% IRU VWHHO
FRPSDUHGWRWKHHIILFLHQF\RIDSXOVHZLWKDSXOVHGXUDWLRQRItH = 10ps6FKPLGHWDO-DHJJLHWDO
1HXHQVFKZDQGHUHWDODQG/DXHUHWDO7DNLQJIXUWKHULQWRDFFRXQWWKDWWKHRSWLPXPIOXHQFHLVLQ
WKHUDQJHRI1 J/cm2KLJKDYHUDJHSRZHUFDQRQO\EHDSSOLHGE\LQFUHDVLQJWKHVSRWVL]HLQFUHDVLQJWKHQXPEHURI
SDUDOOHOVSRWVHJE\PHDQVRID'2(RU6/0E\LQFUHDVLQJWKHVFDQVSHHGHJE\PHDQVRIDSRO\JRQVFDQQHURU
E\XWLOL]LQJSXOVHEXUVWV1HXHQVFKZDQGHUHWDO
6HYHUDO SXEOLFDWLRQV GHDO ZLWK WKH DSSOLFDWLRQ RI SXOVH EXUVWV DQG WKHLU EHQHILW IRU PLFURSURFHVVLQJ RI VWHHO
+DUWPDQQHWDO.QDSSHHWDO'HODGXUDQWD\HHWDO1HXHQVFKZDQGHUHWDO%XWPRVW
RI WKHP RQO\ IRFXV RQ WKH DEVROXWH JURZWK LQ DEODWLRQ UDWH DQG DUH QRW WDNLQJ LQWR DFFRXQW WKH HIILFLHQF\ RI WKH
SURFHVV,QFUHDVLQJWKHDYHUDJHSRZHUPaveE\DIDFWRURIWZRZLOOOHDGHJWRDQLQFUHDVHRIWKHDEODWHGYROXPHE\
70%DWDJLYHQUHSHWLWLRQUDWHfrepDQGDVDFRQVHTXHQFHWRDKLJKHUWKURXJKSXW7KLVDSSURDFKPLJKWEHOHJLWLPDWH
IRU LQGXVWULDODSSOLFDWLRQVHYHQ LI LW LJQRUHV WKHIDFW WKDW WKHSURFHVVQRZLV30% OHVVHIILFLHQW,IDSXOVHEXUVW
ZLWKWKHVDPHDYHUDJHSRZHUPaveDQGWKHVDPHUHSHWLWLRQUDWHfrepLVDSSOLHGWKHHIILFLHQF\DQGWKHDEODWHGYROXPH
FDQEHLQFUHDVHGDWWKHVDPHWLPHGXHWRWKHIDFWWKDWWKHSXOVHHQHUJLHVRIWKHLQGLYLGXDOSXOVHVLQWKHSXOVHEXUVW
DUHORZHUDQGFORVHUWRWKHRSWLPXP
)XUWKHUPRUH WKHDEODWHGYROXPHSHU WLPH IRU VWHHOFDQEHGRXEOHGE\DSSO\LQJDSXOVHEXUVWVZLWKDQ LQWHU
SXOVHGLVWDQFHRI'tBurst = 24 nsDQGNHHSLQJWKHUHSHWLWLRQUDWHPHDQLQJWRGRXEOHWKHDYHUDJHSRZHU$SSO\LQJD
SXOVHEXUVW LH WULSOLQJ WKHDYHUDJHSRZHU WKHDEODWHGYROXPHFDQEH UDLVHG WR WLPHVRIDVLQJOHSXOVHDW WKH
VDPH UHSHWLWLRQ UDWH ,QSULQFLSOH WKLV VLPSOH VWUDWHJ\ZRUNV IRUFRSSHUDVZHOOEXW WKHXWLOL]DWLRQRISXOVHEXUVWV
RIIHUDQRWKHUZD\WRLQFUHDVHHIILFLHQF\:KHUHDVWKHDSSOLFDWLRQRIDSXOVHEXUVWUHGXFHVWKHVSHFLILFUHPRYDOUDWH
WROHVVWKDQWKDWRIDVLQJOHSXOVHWKHDSSOLFDWLRQRIDSXOVHEXUVWLQFUHDVHVWKHVSHFLILFUHPRYDOUDWHE\DSSUR[
20%DVVKRZQE\1HXHQVFKZDQGHUHWDO
$EODWLRQ3URFHVV
7DNLQJIRUJUDQWHGWKHWZRWHPSHUDWXUHPRGHODVDEDVLVIRUWKHPDWKHPDWLFDOGHVFULSWLRQRIWKHDEODWLRQSURFHVV
IRU ODVHU PLFURPDFKLQLQJ WKH YROXPH DEODWLRQ UDWH dV/dt SHU DYHUDJH SRZHU Pave IXUWKHU UHIHUUHG WR DV VSHFLILF
UHPRYDOUDWHRUHIILFLHQF\FDQEHGHVFULEHGDVDIXQFWLRQRIWKHODVHUSHDNIOXHQFH׋0RID*DXVVLDQ%HDP0RPPD
HWDODQG1ROWHHWDO$QLVLPRYDQG5HWKIHOG&KULVWHQVHQDQG%\VNRY1LHOVHQ

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ZKHUHįGHVLJQDWHVWKHHQHUJ\SHQHWUDWLRQGHSWKDQG׋thWKHWKUHVKROGIOXHQFH
)LJVKRZV WKHVSHFLILF UHPRYDO UDWHDVD IXQFWLRQRI WKH ODVHUSHDNIOXHQFHIRUVWHHO 1HXHQVFKZDQGHUHWDO
7KHRSWLPXPSHDN IOXHQFHI0,optPD[LPL]HV WKH VSHFLILF UHPRYDO UDWH LH WKH DEODWLRQSURFHVVEHFRPHV
PRVWHIILFLHQW
,WLVJLYHQE\
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
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DQGLVRQO\GHSHQGLQJRQPDWHULDOSDUDPHWHUVDQGWKHUHIRUHIL[HGIRUDVSHFLILFPDWHULDO,QFUHDVLQJWKHDYHUDJH
SRZHUPaveZLOOLQFUHDVHWKHDEODWHGYROXPHSHUWLPHdV/dtEXWLWZLOOGHFUHDVHWKHSURFHVVHIILFLHQF\
7KHSHDNIOXHQFH׋0FDQEHH[SUHVVHGE\WKHDYHUDJHSRZHUPaveWKHUHSHWLWLRQUDWHfrepDQGWKHEHDPUDGLXVw0DW
WKHIRFDOSRVLWLRQ5DFLXNDLWLVHWDO1HXHQVFKZDQGHUHWDODQG
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)RUDJLYHQEHDPUDGLXVw0WKHSHDNIOXHQFH׋0FDQRQO\EHNHSWFRQVWDQWZKLOHLQFUHDVLQJWKHDYHUDJHSRZHUPave
LI WKH UHSHWLWLRQ UDWHZLOO EH LQFUHDVHG E\ WKH VDPH IDFWRU )RU WKH RSWLPXP SHDN IOXHQFH I0,opt WKH UDWLRPave/frep
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DQGDVVXPLQJWKHDEODWLRQWKUHVKROGWREH׋th = 0.36 J/cm2IRUFRSSHUDQGWKHEHDPUDGLXVWREHw0 = 16 ȝmWKH
UDWLRPave/frep DPRXQWV WR 10.7 W/MHz $V D FRQVHTXHQFH DSSO\LQJ DQ DYHUDJH SRZHUPave 50 W WKH PD[LPXP
HIILFLHQF\ UHTXLUHV D UHSHWLWLRQ UDWH frep 4.7 MHz DW ZKLFK SXOVHV FDQ QR ORQJHU EH VZLWFKHG LQGLYLGXDOO\ E\
WRGD\¶VVWDWHRIWKHDUWXOWUDIDVWODVHUV7KHULVHWLPHRIPRVWO\XWLOL]HG$20VRU(20VLQFRPPHUFLDOO\DYDLODEOH
XOWUDIDVW ODVHU V\VWHPV LV KLJKHU WKDQ WKH WLPHEHWZHHQ WZR VXFFHVVLYHSXOVHV DW UHSHWLWLRQ UDWHVRYHU2 MHz DQG
WKHUHIRUHGRSXOVHVDWKLJKHUUHSHWLWLRQUDWHVFRQVLVWRIXQZDQWHGSUHDQGSRVWSXOVHV


)LJ6SHFLILFUHPRYDOUDWHDWfrep N+]IRUVWHHOVLQJOHSXOVHYVSXOVHEXUVWZLWKYDU\LQJLQWHUSXOVHGLVWDQFH'tburst
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%XWDWWKHVDPHWLPHWKRVHODVHUVRIIHUDZD\RXWRIWKLVGLOHPPD7KH\DUHFDSDEOHRIDSSO\LQJVRFDOOHGSXOVH
EXUVWVLQZKLFKXSWRHLJKWVLQJOHSXOVHVVHSDUDWHGE\WKHUHFLSURFDOVHHGIUHTXHQF\RIWKHODVHUDUHHPLWWHGDVD
VLQJOHSXOVHWUDLQ$GGLWLRQDOO\WKHSHDNSRZHURIWKHSXOVHVZLWKLQWKHEXUVWFDQEHDGMXVWHGLQGLYLGXDOO\
$SSO\LQJ D SXOVH EXUVW GXULQJ WKH PLFURSURFHVVLQJ RI VWHHO HLWKHU WKH DEODWLRQ UDWH FDQ EH GRXEOHG RU WKH
UHSHWLWLRQUDWHFDQEHKDOYHGLIWKHLQWHUSXOVHGLVWDQFHLVDWOHDVWtburst = 24 ns)LJ
$OWKRXJKIRUVWHHODSXOVHEXUVWGRHVQRWUHDFKWKHPD[LPXPHIILFLHQF\RIDVLQJOHSXOVHDSSO\LQJDSXOVH
EXUVWLVEHQHILFLDOVLQFHWKHGURSLQHIILFLHQF\E\DSSUR[0.02 mm3/(min W)LVPXFKOHVVWKDQWKDWIRULQFUHDVLQJWKH
DYHUDJHSRZHUPaveE\DIDFWRURIWKUHHZKLFKLVDSSUR[0.04 mm3/(min W))LJ1HXHQVFKZDQGHUHWDO


)LJ6SHFLILFUHPRYDOUDWHDWfrep = 200 kHz IRUVWHHOVLQJOHSXOVHYVSXOVHEXUVWV'tburst = 12 ns

)LJ6SHFLILFUHPRYDOUDWHDWfrep = 200 kHz IRUVWHHOVLQJOHSXOVHYVSXOVHEXUVWZLWKYDU\LQJLQWHUSXOVHGLVWDQFH
,QFRPSDULVRQ WR WKDWFRSSHUEHKDYHVFRPSOHWHO\GLIIHUHQW)RUDSXOVHEXUVWZLWKDQ LQWHUSXOVHGLVWDQFHRI
'tburst = 12 nsWKHPD[LPXPHIILFLHQF\GURSVGUDVWLFDOO\WROHVVWKDQKDOIRIWKDWRIDVLQJOHSXOVH)LJLQGLFDWLQJ
DQLQWHUDFWLRQEHWZHHQERWKSXOVHVLQUDSLGVXFFHVVLRQ2QWKHDVVXPSWLRQWKDWWKHILUVWSXOVHVLQDWZRSXOVHEXUVW
DEODWHVDVPXFKDVDVLQJOHSXOVHDQGWKDWWKHVHFRQGSXOVHGRHVQRWFRQWULEXWHWRWKHDEODWLRQDWDOOWKHHIILFLHQF\
VKRXOGGURSWRKDOIRIWKDWRIDVLQJOHSXOVH6LQFHWKHHIILFLHQF\RIWKHSXOVHEXUVWLVHYHQORZHUPDWHULDOKDVWR
UHGHSRVLWHGWRWKHVDPSOHWRH[SODLQWKHEHKDYLRU7KHVLWXDWLRQEHFRPHVHYHQPRUHDVWRQLVKLQJLIDWKLUGSXOVHLV
DGGHGWRWKHSXOVHWUDLQ7KHHIILFLHQF\ULVHVVLJQLILFDQWO\E\DSSUR[DERYHWKDWRIDVLQJOHSXOVH)LJ7KLV
REVHUYDWLRQXQGHUSLQVWKHVWDWHPHQWWKDWDWOHDVWIRUFRSSHUWKHLQGLYLGXDOSXOVHVLQDSXOVHEXUVWLQWHUDFWLQWHUPV
RILQIOXHQFLQJWKHPHDVXUDEOHHIIHFW
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
)LJ6SHFLILFUHPRYDOUDWHDWfrep = 200 kHzIRUFRSSHUVLQJOHSXOVHYVSXOVHEXUVWV'tburst = 12 ns

)LJ6SHFLILFUHPRYDOUDWHDWfrep = 200 kHzIRUFRSSHUVLQJOHSXOVHYVSXOVHEXUVWZLWKYDU\LQJLQWHUSXOVHGLVWDQFH
7KHDGYDQWDJHJHWVORVWZKHQWKHLQWHUSXOVHGLVWDQFHLVLQFUHDVHG)LJ7KHHIILFLHQF\GHFUHDVHVWRDOLWWOHELW
EHORZDVLQJOHSXOVH
7KLVSURQRXQFHG FKDQJH LQ WKH HIILFLHQF\ WKDW FDQEHREVHUYHGZKHQ FKDQJLQJ IURP VLQJOH SXOVH WR D SXOVH
EXUVWDQGDSXOVHEXUVWRQWKHRQHKDQGFDQEHXWLOL]HGWRLQFUHDVHWKHPD[LPXPDEODWLRQUDWHDQGRQWKHRWKHU
KDQGWRGHHSHQWKHXQGHUVWDQGLQJRIWKHDEODWLRQSURFHVVLWVHOI
([SHULPHQWDO6HWXS
7KHH[SHULPHQWVZHUHSHUIRUPHGRQD)8(*2ODVHUV\VWHPZLWKDSXOVHGXUDWLRQRIWH = 10 psDQGDQDYHUDJH
SRZHU RI Pave > 40 W DW LWV IXQGDPHQWDO ZDYHOHQJWK RI O = 1064 nm 3XOVH EXUVWV ZLWK XS WR 8 SXOVHV FDQ EH
VHOHFWHGDQGWKHHQHUJ\RIHDFKSXOVHLQDEXUVWFDQEHDGMXVWHGLQGLYLGXDOO\7KHWLPHVSDFLQJ'tburstEHWZHHQWZR
SXOVHVLQDEXUVWLVEDVHGRQWKHUHSHWLWLRQUDWHRIWKHVHHGRVFLOODWRURI82 MHzDQGDPRXQWVWR'tburst = 12 ns
7KHODVHUEHDPSDVVHVDTXDUWHUZDYHSODWHWRFUHDWHFLUFXODUSRODUL]DWLRQDQGDPDJQLILFDWLRQWHOHVFRSHEHIRUH
HQWHULQJ DQ LQWHOOL6&$1'( VFDQ KHDG )RU WKH DSSOLHG IRFXVLQJ IWKHWDREMHFWLYH ZLWK D IRFDO OHQJWK RI
ffoc = 160 mmWKHPLQLPXPEHDPUDGLXVZDVPHDVXUHGWREHw0 = 16 μm7KHVHWXSZDVXVHGLQWKHV\QFKURQL]HG
FRQILJXUDWLRQDOORZLQJGHILQLQJWKHSLWFKpLQ[DQG\GLUHFWLRQDWDSUHVHWUHSHWLWLRQUDWHfrepRIWKHODVHUUHVXOWLQJLQ
DIHHGUDWH
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repfpv    
7KHSLWFKLQ[DQG\GLUHFWLRQZDVVHWWRWKHVDPHYDOXHRIpx = py = p = w0/2 = 8 μmDQGVTXDUHVZLWKDVLGH
OHQJWKRIs = 2.0 mmZHUHPDFKLQHGLQWR50 mm × 50 mm × 2 mmFRSSHUSODWHV'+3&
7KHUHPRYDOUDWHSHUDYHUDJHSRZHUWKHVRFDOOHGVSHFLILFUHPRYDOUDWHLVGHILQHGE\WKHODVHUUHSHWLWLRQUDWHfrep
WKHSLWFKpWKHQXPEHURIVOLFHVNSlDQGWKHGHSWKdRIWKHPDFKLQHGVTXDUHV
ave
rep
Sl
2
Pave P
f
N
pd
E
V
P
dtdV  ' 
  
$WDIL[HGUHSHWLWLRQUDWHfrepSLWFKpDQGQXPEHURIVOLFHVNSlDVHTXHQFHRIVTXDUHVZDVPDFKLQHGZLWKYDU\LQJ
SXOVHKHLJKWGLVWULEXWLRQIRUDSXOVHEXUVWDVVKRZQLQ)LJ


)LJ6FKHPDWLFUHSUHVHQWDWLRQRI)OH[%XUVWV
7KH LQGLYLGXDO SXOVH HQHUJ\EH,i ZDV VHW E\ FRQILJXULQJ WKH UHODWLYH SXOVH KHLJKW 7R GR VR WKH DPSOLILFDWLRQ
IDFWRURIHDFKVLQJOHSXOVHZDVYDULHGZKLOHWKHUHVXOWLQJSXOVHVZHUHPRQLWRUHGE\PHDQVRIDQRVFLOORVFRSH7KH
DEVROXWHSXOVHHQHUJ\EH,iZDVVHWE\FDOFXODWLQJWKHWRWDOHQHUJ\RIDOOSXOVHVEH,totalDQGFKRRVLQJWKHDYHUDJHSRZHU
PaveDFFRUGLQJWRWKHIRUHVHHQSHDNIOXHQFHI0DWDJLYHQUHSHWLWLRQUDWHfrep7KHWRWDOSXOVHHQHUJ\LVJLYHQE\
¦ 
i
iHtotalH EE 
  
)RUH[DPSOHWKHDYHUDJHSRZHUPaveIRUWKHFRQILJXUDWLRQ)OH[%BDWDJLYHQUHSHWLWLRQUDWHfrepZDV
FDOFXODWHGE\
 
 
repH,single
repH,singleH,singleH,single
rep3H2H1H
reptotalHave
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fEE50E
fEEE
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
DQGWKHSXOVHHQHUJ\RIWKHVLQJOHSXOVHEH,singleZDVWDNHQIURP
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H,single2
0
0 Ew
2 

 
S
I   
&RQVHTXHQWO\ WKH VSHFLILF UHPRYDO UDWHVRI GLIIHUHQW SXOVHEXUVW VHWWLQJV FDQEH FRPSDUHGZKHQSORWWLQJ WKHP
DJDLQVWWKHSHDNIOXHQFHI0
([SHULPHQWDO5HVXOWVDQG'LVFXVVLRQ
7KHGHSWKdRIWKHPDFKLQHGVTXDUHVZDVPHDVXUHGE\PHDQVRIDZKLWHOLJKWLQWHUIHUHQFHPLFURVFRSHVPDUW:/,
IURPJEV7KHDYHUDJHRI10PHDVXUHPHQWVLQ[GLUHFWLRQDQG10PHDVXUHPHQWVLQ\GLUHFWLRQZDVXVHGWRFDOFXODWH
WKHVSHFLILFUHPRYDOUDWH)LJVKRZVWKHVSHFLILFUHPRYDOUDWHGHSHQGLQJRQWKHSHDNIOXHQFHIRUDSXOVHEXUVW
7RH[FOXGHDGHSHQGHQF\RIWKHVSHFLILFUHPRYDOUDWHRQWKHUHSHWLWLRQUDWH frepDQGWKHQXPEHURIVOLFHVNSlVRPH
VHULHVZHUHUHSHDWHGZLWKDGLIIHUHQWUHSHWLWLRQUDWHfrepDQGGLIIHUHQWQXPEHURIVOLFHVNSl7KHHIILFLHQF\GRHVQRW
FKDQJHZKHQ WKH UHSHWLWLRQ UDWH frep LV LQFUHDVHG IURP200 kHz WR1000 MHz RUZKHQ WKH QXPEHU RI VOLFHVNSl LV
LQFUHDVHGIURP32WR64


)LJ6SHFLILFUHPRYDOUDWHIRUFRSSHUIRUDSXOVHEXUVW

)LJ6SHFLILFUHPRYDOUDWHIRUFRSSHUIRUDSXOVHEXUVWYDU\LQJWKHKHLJKWRIWKHFHQWHUSXOVH
)RU D SXOVH EXUVW ZLWK HTXDO SXOVH KHLJKW DW VLQJOH SXOVH OHYHO WKH HIILFLHQF\ LV LQFUHDVHG E\ DSSUR[ 20%
FRPSDUHGWRVLQJOHSXOVHDEODWLRQ0RGHODWWKHRSWLPXPSRLQWDVDOUHDG\VKRZQE\1HXHQVFKZDQGHUHWDO
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:LWK LQFUHDVLQJ IOXHQFHI0 WKH VSHFLILF UHPRYDO UDWH GURSV IDVWHU IRU D SXOVHEXUVW WKDQ IRU D VLQJOH SXOVH7KH
EUHDNHYHQSRLQWLVDSSUR[WZRWLPHVWKHRSWLPXPIOXHQFHI0,optDWI0 = 4 J/cm2ZKHUHWKHSXOVHEXUVWEHFRPHVOHVV
HIILFLHQWWKDQDVLQJOHSXOVHDFFRUGLQJWRWKHPRGHO
%\YDU\LQJWKHKHLJKWRIWKHFHQWHUSXOVHLQDSXOVHEXUVWWKHVSHFLILFUHPRYDOUDWHFDQEHLQIOXHQFHGDVVKRZQ
LQ)LJ :KHQ WKH FHQWHU SXOVH KHLJKW RI D SXOVH EXUVW LV UHGXFHG WR75% RI WKH KHLJKW RI D VLQJOH SXOVH WKH
HIILFLHQF\GRHVQRWGHFUHDVHEXWVWD\VDWWKHOHYHORIDSXOVHEXUVWZLWKHTXDOO\KLJKSXOVHV5HGXFLQJWKHKHLJKWRI
WKHFHQWHUSXOVHWRKDOIRIWKDWRIDVLQJOHSXOVHGHFUHDVHVWKHVSHFLILFUHPRYDOUDWHE\PRUHWKDQ30%7KHVSHFLILF
UHPRYDOUDWHIXUWKHUGURSVLIWKHKHLJKWRIWKHFHQWHUSXOVHLVORZHUHGWR25%RIWKHVLQJOHSXOVHKHLJKW,WVWD\VDW
WKDW OHYHOHYHQ LI WKHFHQWHUSXOVHKHLJKW LV VHW WR]HUR7KLVVLWXDWLRQUHSUHVHQWVDSXOVHEXUVWZLWKGRXEOH WLPH
VSDFLQJ'tburst = 2×12 ns = 24 ns
,QDGGLWLRQ)LJVKRZVWKDWWKHUHSHWLWLRQUDWHGRHVQRWDIIHFWWKHVSHFLILFUHPRYDOUDWHLQGHSHQGHQWRIWKHSXOVH
EXUVWFRQILJXUDWLRQ5HGXFLQJ WKHKHLJKWRI WKHFHQWHUSXOVH WRKDOIRI WKDWRIDVLQJOHSXOVHDWDUHSHWLWLRQUDWHRI
frep = 200 kHzGHFUHDVHVWKHHIILFLHQF\E\WKHVDPHIDFWRUDVLWGRHVDWDUHSHWLWLRQUDWHRIfrep = 1 MHz
6LQFHWKHSK\VLFDOHIIHFWVRIPDWHULDOUHPRYDOE\PHDQVRIXOWUDIDVWODVHUUDGLDWLRQDUHQRWXQGHUVWRRG\HWDQG
WKHUH LV QR DGHTXDWHPRGHO WR GHVFULEH WKH DEODWLRQ EHKDYLRU RIPHWDOV WKH IXQGDPHQWDO GLIIHUHQFH EHWZHHQ WKH
DSSOLFDWLRQ RI SXOVH EXUVWV RQ VWHHO DQG FRSSHU FDQQRW EH H[SODLQHG XS WR QRZ )RU FRSSHU WKH PRVW SUREDEOH
H[SODQDWLRQWRGD\WDNHVLQWRDFFRXQWDVKLHOGLQJRIWKHVXEVHTXHQWSXOVHE\WKHDEODWHGPDWHULDO7KLVPHDQVWKDWWKH
VHFRQGSXOVH LQ DSXOVHEXUVWZLWK D WLPH VSDFLQJRI'tburst = 12 ns LV DEVRUEHG LQ DSOXPHRI DEODWHGPDWHULDO
LQGXFHV WXUEXOHQFHVDQGGHVWUR\V WKHSOXPHZKLFK OHDGV WRDGHSRVLWLRQRIDEODWHGPDWHULDORQ WKH VXUIDFH ,I WKH
HQHUJ\RIWKHVHFRQGSXOVHLVUHODWLYHORZLWPLJKWEHDEVRUEHGLQWKHSOXPHEXWGRHVQRWGHVWUR\LWDQGWKHWKLUG
SXOVHVWLOO LVDEVRUEHGDQGDIIHFWHGE\ WKHDEODWHGPDWHULDO LQ WKHSOXPH7KH OLIHWLPHRIVXFKDSOXPHRIDEODWHG
PDWHULDO VHHPV WR EH ORQJHU WKDQ72 ns EHFDXVH D SXOVH EXUVWZLWK D WLPH VSDFLQJ RI'tburst = 36 ns VWLOO VKRZV
UHGXFHGHIILFLHQF\
%H\RQGDFHUWDLQ OHYHO WKHSXOVHHQHUJ\ LV VXIILFLHQW WRGHVWUR\ WKHSOXPHRI VKLHOGLQJSDUWLFOHV VXFK WKDW WKH
VXEVHTXHQWSXOVHGRHVQRWJHWDEVRUEHGLQWKHSOXPH$QDO\VHVRIWKHVXUIDFHRIFRSSHUSODWHVZKLFKZHUHPDFKLQHG
E\XOWUDIDVWODVHUUDGLDWLRQJLYHDKLQWZK\WKHHIILFLHQF\RIWKLVVXEVHTXHQWSXOVHLVH[WUDRUGLQDU\KLJK
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/D\HUV /D\HUV /D\HUV /D\HUV /D\HUV /D\HUV /D\HUV
      
PPPLQ: PPPLQ: PP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 PPPLQ: PP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 PP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 PPPLQ:
)LJ6(0LPDJHVRIPDFKLQHGFRSSHUVXUIDFHVDFFRUGLQJWR)LJDQG)LJDSSUR[RSWLPXPIOXHQFH׋0,opt = 2.6 J/cm2
)LJVKRZV6(0LPDJHVRIPDFKLQHGFRSSHUVXUIDFHVZLWKGLIIHUHQWSXOVHEXUVWFRQILJXUDWLRQVDFFRUGLQJWR
WKHUHVXOWVSUHVHQWHGLQ)LJDQG)LJ7KHXSSHUOLQHZDVWDNHQDWDPDJQLILFDWLRQRIîWKHOLQHEHORZDW
î 7KH LPDJHV VKRZQ UHSUHVHQW WKH VXUIDFHV RI VTXDUHVPDFKLQHG FORVHVW WR WKH RSWLPXP SRLQW DW DSSUR[
׋0,opt = 2.6 J/cm2 IRU D VLQJOH SXOVH 7KH FRUUHVSRQGLQJ VSHFLILF UHPRYDO UDWH LV VWDWHG XQGHU WKH LPDJHV$W ILUVW
JODQFH WKH VXUIDFHVGRQRW VKRZDQ\ IXQGDPHQWDOGLIIHUHQFHV LQ WHUPVRI WRSRORJ\DQGPRUSKRORJ\$OO VXUIDFHV
KDYHPROWHQVWUXFWXUHVRIVDPHVL]HDQGGLVWULEXWLRQ%XWUHJDUGLQJWKHVXUIDFHVLQPRUHGHWDLOWKH\UHYHDOYDULDWLRQV
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LQ WKH IRUPRI WKHPROWHQ VWUXFWXUHVDV VKRZQ LQ)LJ6WUXFWXUHVPDFKLQHGZLWKD VLJQLILFDQWO\ ORZHU VSHFLILF
UHPRYDOUDWHRIDSSUR[RQHWKLUGRIWKHKLJKHVWVSHFLILFUHPRYDOUDWHPHDVXUHGLHZLWKSXOVHFRQILJXUDWLRQV
DQGVKRZVROLGLILHGZDYHVRUGURSOHWVZLWKDVL]HRIDIHZPLFURQVDQGSDUWLDOO\PHVKHVRI
PXFKVPDOOHUGURSOHWVZLWKVXEPLFURQVL]H7KHVXUIDFHRIVWUXFWXUHVPDFKLQHGZLWKWKHKLJKHVWVSHFLILFUHPRYDO
UDWH LH ZLWK SXOVH FRQILJXUDWLRQV  DQG  LV FRYHUHG FRPSOHWHO\ ZLWK FUDWHUV RI IUR]HQ
H[SORGLQJEXEEOHVRIGLIIHUHQWVL]HVIURPVRPHWHQQDQRPHWHUVWRDERXWRQHPLFURQ
7KLVOHDGVWRWKHVXJJHVWLRQWKDWWKHVXUIDFHWHPSHUDWXUHGXULQJSURFHVVLQJZLWKWKHODWWHUEXUVWFRQILJXUDWLRQVLV
FRQVLGHUDEOHKLJKHUFRPSDUHGWRDVXUIDFHSURFHVVHGZLWKWKHILUVWEXUVWFRQILJXUDWLRQV1RWOHDVWGXHWRWKHIDFWWKDW
WKHSURYLGHGWRWDOHQHUJ\RIWKRVHSXOVHEXUVWVGLIIHUE\20%WR50%WKLVPLJKWDSSHDUORJLFDO7KHWUDQVLWLRQIURP
VROLGLILHGZDYHVFRUUHVSRQGLQJWRORZHIILFLHQF\WRIUR]HQH[SORGLQJEXEEOHVFRUUHVSRQGLQJWRLQFUHDVHGHIILFLHQF\
VHHPVWREHVPRRWKDQGIOXHQW7KHOLQNEHWZHHQWKRVHWZRWKHEXUVWFRQILJXUDWLRQVKRZVIHDWXUHVRI
ERWK DV FDQ EH VHHQ IURP)LJ  ,Q FRQWUDVW WR WKDW WKH VXGGHQ ULVH LQ WKH VSHFLILF UHPRYDO DSSHDUV WR EH OHVV
FRPSUHKHQVLEOH

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/D\HUV /D\HUV /D\HUV
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PPPLQ: PPPLQ: PPPLQ:
)LJ0DJQLILFDWLRQRI6(0LPDJHVRIPDFKLQHGFRSSHUVXUIDFHVDFFRUGLQJWR)LJDQG)LJDSSUR[RSWLPXPIOXHQFH׋0,opt = 2.6 J/cm2.
7DNLQJLQWRDFFRXQWWKHDEVRUEHGHQHUJ\LQWKHPDWHULDODQGQRWWKHWRWDOSURYLGHGHQHUJ\E\WKHSXOVHEXUVWDQG
FRPELQLQJ LW ZLWK WKH FRQVLGHUDWLRQ RI D VKLHOGLQJ SOXPH WKH VPDOO GLIIHUHQFHV LQ WKH VXUIDFH VWUXFWXUH DQG WKH
LQFUHDVHLQHIILFLHQF\EHFRPHOHVVP\VWLI\LQJ
,IWKHUHODWLYHHQHUJ\RIWKHVHFRQGSXOVHLVWRRORZWRGHVWUR\WKHSOXPHRIVKLHOGLQJSDUWLFOHVWKHWKLUGSXOVHJHWV
DEVRUEHG LQ WKHUHGHVWUR\V WKHSOXPHDQGGHSRVLWVDEODWHGPDWHULDORQ WKH VXUIDFH7KHPHVKHVRI VPDOOGURSOHWV
UHSUHVHQWWKLVGHSRVLWHGPDWHULDO
,I WKH UHODWLYH HQHUJ\ RI WKH VHFRQGSXOVH LV KLJK HQRXJK WR FOHDU WKH SDWK IRU WKH WKLUG SXOVH DQG WKH DEODWHG
PDWHULDO LV GHSRVLWHG RQ WKH VXUIDFH WKH WKLUG SXOVH FDQ EH DEVRUEHG WR D ODUJH H[WHQG LQ WKH ZRUNSLHFH $V D
FRQVHTXHQFHWKHVXUIDFHRQWKHRQHKDQGLVKHDWHGXSDQGRQWKHRWKHULVPRGLILHGLQDZD\WKDWWKHDEVRUSWLRQLV
LQFUHDVHG7KLV OHDGV WRDKLJKHUHQHUJ\ LQSXW LQWR WKHPDWHULDODQG WKXV WRDKLJKHUVSHFLILF UHPRYDO UDWH$V WKH
LPDJHVLOOXVWUDWHDWOHDVWIRUFRSSHUDEODWLRQLVDWKHUPDOSURFHVVDQGIDUIURPEHLQJ³FROG´
7RVXSSRUWWKLVDOOHJDWLRQWKHILUVWDQGWKHWKLUGSXOVHLQDSXOVHEXUVWZHUHYDULHG,QDILUVWVHULHVWKHVHRXWHU
SXOVH ZHUH UHGXFHG VLPLODUO\ IURP 100% WR 25% LQ VWHSV RI 25% ,Q DGGLWLRQ WKH ILUVW SXOVH LQGLYLGXDOO\ ZDV
UHGXFHGWR50%
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
)LJ6SHFLILFUHPRYDOUDWHIRUFRSSHUIRUDSXOVHEXUVWYDU\LQJWKHKHLJKWRIWKHILUVWDQGODVWSXOVH
)LJVKRZVWKHYDULDWLRQRI WKHKHLJKWRI WKHILUVWDQGWKHODVWSXOVH LQDSXOVHEXUVWDWDUHSHWLWLRQUDWHRI
frep = 200 kHz7KHUHGXFWLRQRIWKHILUVWDQGODVWSXOVHGRZQWR75%GRHVQRWKDYHDQLPSDFWRQWKHHIILFLHQF\LH
WKHVSHFLILFUHPRYDOUDWHVWD\VDWWKHKLJKOHYHORIDSXOVHEXUVWZLWKVLPLODULQGLYLGXDOSXOVHKHLJKW5HGXFLQJWKH
KHLJKWRIWKHRXWHUSXOVHVLQDSXOVHEXUVWWR50%GHFUHDVHVWKHHIILFLHQF\WRWKHOHYHORIDVLQJOHSXOVH,IRQO\WKH
KHLJKWRIWKHILUVWSXOVHLQDSXOVHEXUVWLVUHGXFHGGRZQWR50%WKHHIILFLHQF\GRHVQRWGHFUHDVHLWUHPDLQVRQWKH
KLJKOHYHORIDQHTXDOO\OHYHOHGSXOVHEXUVW1RWXQWLOWKHKHLJKWRIWKHILUVWDQGODVWSXOVHLVUHGXFHGWR25%WKH
HIILFLHQF\GURSVVLJQLILFDQWO\EHORZWKDWRIDVLQJOHSXOVH
7DNLQJXSDJDLQWKHDVSHFWRIWRWDOHQHUJ\RIWKHSXOVHEXUVWWKHDERYHPHQWLRQHGIDFWVGRQRWILWWKHSLFWXUH7KH
EXUVWFRQILJXUDWLRQUHVXOWVLQDUHGXFHGHIILFLHQF\ZKHUHDVWKHEXUVWFRQILJXUDWLRQVDQG
ZKLFKKDYHWKHVDPHUHODWLYHWRWDOEXUVWHQHUJ\ OHDGWRLQFUHDVHGHIILFLHQF\)XUWKHUPRUH WKHEXUVW
FRPELQDWLRQDOUHDG\KDVWKHORZHVWHIILFLHQF\DQGWKHEXUVWFRQILJXUDWLRQKDVDQRUPDOO\
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